The roles of dilatancy and fabric on the behaviour of granular materials are both numerically and experimentally explored for the study of material instability and failure. This investigation has two basic ingredients: namely a stress dilatancy model with embedded microstructural information through a fabric tensor, and an experimental rendition of force transmission and structure in an assembly of 2D photoelastic disks. In order to highlight material instability, model simulations of sand behaviour are carried out in triaxial stress conditions along proportional strain paths with varying degrees of controlled dilation (or compaction) including isochoric deformations as a particular case. It is shown that a dense sand can succumb to instability or liquefaction in other than isochoric (undrained) conditions. This suggests that flow type of failures in soils may not only be restricted to the celebrated saturated loose sand case in undrained conditions.
INTRODUCTION
The behaviour of granular materials such as sands is controlled by their dilatancy and the mode by which the applied stresses are carried by so-called force chains. It is because of the discrete nature of the system that dilatancy manifests itself through geometrical grain rearrangements with the fabric acting as a constraint against applied stresses. In the pursuit of fundamentals, it is pertinent to study fabric in sand and systematically incorporate it into a constitutive model for the analysis of failure, material instability and strain localization.
Stress dilatancy theories have been traditionally developed for soils based on macroscopic analysis through energy principles (Rowe, 1962) . However, incorporating micro-or meso-scale phenomenon in a continuum model is a challenging task since any theory developed is difficult to completely verify, given that experimental data on fabric is scarce. For instance, micro/meso-macro relationships give way to a mathematical description of fabric and its relationship to stresses and deformations, but its evolution with deformation history remains elusive without experimental data. Micro-mechanical pursuits of stress dilatancy description exist in the literature, e.g. Maksuoka & Takeda, 1980; Nemat Nasser, 2000; Wan & Guo, 2001 .
In this short communication, we use the model developed by Wan & Guo, 2001 with an embedded fabric-dependent dilatancy rule in order to illustrate the central roles of dilatancy and fabric on material stability along imposed strain paths, rather than stress paths. By controlling volume changes in a particular manner during deformation history, we demonstrate that a dense sand can succumb to instability or liquefaction in other than isochoric (undrained) conditions. Force chains revealed during the biaxial loading of an assembly of photoelastic disks help us to understand the failure mechanism leading to unstable behaviour, and the role of fabric.
This study touches upon the understanding of flow in granular materials, soil-structure interaction problems under extreme loading conditions, as well as slope stability problems with pre-shear.
FABRIC-EMBEDDED DILATANCY MODEL
We begin with a brief recapitulation of the model essentials for describing fabric dependencies through a micro-mechanical analysis that involves equating the total energy dissipation of a grain assembly endowed with some fabric to the total work input, Guo (2000) .
The stress-dilatancy equation that emerges from such an analysis can be expressed in axi-symmetric stress and strain conditions after some simplifications as follows: (1) that both positive and negative rates of dilation can be obtained depending on the relative magnitudes of m ϕ and f ϕ . In the limit, fabric conditions can be such that a positive rate of dilation is possible even though the current void ratio is looser of critical, i.e.
cr e e > . Setting aside all details of constitutive modelling derivations, the stress dilatancy described in Eq. (1) has been used as a flow rule in a double hardening elasto-plastic model, Wan & Guo (2001) . Apart from describing plastic hardening via mobilized friction angle, a fabric evolution law must be established, i.e. with ij s =deviatoric stress and p = mean stress. Fig. 1 shows a family of energy dissipation curves plotted as applied stress ratio ( 
being major and minor principal fabrics respectively) but with varying bedding planes in which grain contact normals are dominant. It is found that with increasing bedding angle, the initial dilation rate decreases, i.e. the sample undergoes more volumetric compaction initially, while the maximum dilatancy and the corresponding mobilized stress ratio (i.e. the maximum one) decrease. Basically, the higher the bedding angle, the higher the threshold stress ratio at which the compaction-dilation transition occurs. ) have also investigated strain path tests by controlling the drainage conditions in the test specimen since water flowing into or out of it would cause either dilation or contraction. The rationale of such tests is that under real field situations, soils deform in partially drained condition.
Model simulations
With this brief overview, we now turn to model simulations of Fig. 2 pertaining to the behaviour of dense ( 0 e =0.60) Ottawa sand along a variety of proportional strain paths ϑ (−3.0 to +1.0) at an initial confining pressure of 200 kPa. In this set of calculations, the initial fabric was assumed to be isotropic, but evolved subsequently during deformation history. It is found that the sand displays stable behaviour for positive s ' ϑ , including the undrained case. By stable behaviour, we mean that the second order work
is positive. On the other hand, for largely negative s ' ϑ referring to forced dilation on the specimen, the effective stress path displays unstable response just like for a loose sand under undrained conditions. Thus, the material strength associated with any proportional strain path is not bounded by the undrained and drained conditions as shown in Fig. 2 . It would be then erroneous to derive material strength solely based on undrained conditions. 33. The higher deviatoric stress q sustained by the soil for the latter case is understandable, given that the initial anisotropy as quantified by Ω corresponded to a bais of contact normals in the axial direction. In view of understanding the nature of the stress path ABC, the variations in effective stress components are plotted in Fig. 4 . Along AB, the effective axial stress ( 1 ' σ ) increases, while the radial one ( 3 ' σ ) decreases giving a net decline in mean effective stress p'. More insight can be gained by plotting the evolution of principal fabric components 1 F and 3 F as seen in Fig. 5 . Basically, the changes in effective stress components follow those of principal fabric 1 F and 3 F . We thus suppose that at the micro/meso-scale, particle redistribution is being made with contact normals realigning themselves along the axial direction at the detriment of contact loss in the radial direction. Based on Figs. 4&5, the post snap back at C may be attributed to the loss in confinement and axial support due to fabric reorganization. However, the described mechanisms need to be verified, which lead us to the next section. 
Observations on photoelastic disks assembly
We study the issue of fabric by loading biaxially a system of photoelastic disks, and observing the particle force chains developed. Axial and lateral displacement rates
. Fig. 6 shows the force response paths for various * ϑ values, which reveal to be similar to the stress paths previously discussed in triaxial stress conditions. f is shown in Fig. 7 for the path 67 . 0 * − = ϑ in particular. We observe a quite similar trend as the one described in Fig. 4 for model simulations, in which forces/stresses drop (A-B) and then rise (B-C).
Finally, Fig. 8 reveals the contact force chain and associated structure at key points A, B and C on the force response curve plotted in Fig. 6 . The fringe patterns indeed indicate the formation of contact force chains as we move along from A to B leading to a reduction in both axial and lateral loads. Between B and C, additional force chains develop in the axial direction so that the axial load picks up. At the same time, in order to sustain the deformation as prescribed by * ϑ , the lateral load has to decrease so as to allow the required dilation. The force chains ultimately buckle at point C corresponding to the snap back. It is also interesting to note that a two-phase structure emerges with the force chains seen embedded into a matrix of apparently less loaded particles. The mechanism of contact force chain build up and buckling concur with the model simulations presented in the previous section. This suggests that it is possible to describe micro/meso phenomena through a continuum level model with an embedded fabric tensor. 
